Non-destructive imaging of the internal structures of pearls has so far been mainly based on X-ray imaging methods. As organic matter is almost transparent to X-rays, the identification of some structures can be difficult. This study shows that neutron imaging can be a helpful complementary method to visualize structures inside pearls beyond standard X-ray radiography and tomography, as neutrons are highly attenuated by hydrogen-bearing (organic) matter within pearls. The use of neutron radiography and tomography is shown for selected natural and cultured pearls (beaded and non-beaded). In addition, we present neutron phase contrast and darkfield images of a beaded cultured pearl, in analogy to X-ray phase contrast and darkfield imaging described in a previous study. While neutron imaging of pearls is particularly useful for understanding material inhomogeneities and void structures, this methodology is currently only available at large-scale facilities that are equipped to deal with nuclear reactions.
INTRODUCTION

F
or about a century, the identification of pearls (i.e. differentiating between their natural or cultured formation; Figure 1 ) has been a crucial task for gemmologists, given the enormous differences in their rarity and price. Pearl identification is mostly based on the interpretation of internal structures, traditionally visualized by imaging methods such as X-ray radiography (Anderson, 1932; Scarratt et al., 2000; Strack, 2006; Sturman, 2009 ) and, more recently, X-ray computed microtomography (Wehrmeister et al., 2008; Karampelas et al., 2010; Krzemnicki et al., 2010; Otter et al., 2014) and X-ray phase contrast and darkfield imaging (Revol et al., 2016; Krzemnicki et al., 2017) .
With this article, the authors present neutron imaging as a new and complementary method to visualize internal pearl structures. This paper is part of a larger joint research study between author CSH, the SSEF Swiss Gemmological Institute and the Paul Scherrer Institute, in which a total of 32 samples (13 natural and 19 cultured pearls) were investigated with the aim of comparing various imaging methods for pearl testing (Hanser, 2015) . It is a follow-up to the article about X-ray phase contrast and darkfield imaging that was recently published in The Journal .
Similar to X-rays, neutrons can be applied for imaging purposes because of their selective attenuation via absorption and scattering by certain materials. But unlike X-rays, neutrons interact with the atomic nuclei only. Thus, even some lighter elements such as hydrogen strongly attenuate neutrons, whereas X-rays (which interact with the electrons of atoms) are very weakly attenuated by light elements and are increasingly affected by heavier elements (directly related to the element's atomic number). Generally speaking, neutron radiography images are inverse to X-ray radiographs in many aspects, and in the case of pearls can reveal complementary information to the gemmologist. Calcium carbonate, which forms the pearl, absorbs neutrons rather weakly (and thus appears dark grey in neutron radiographs) in contrast to X-rays, which are strongly absorbed (appearing bright grey in X-ray radiographs). In contrast to this, zones rich in organic matter (and hydrogen) appear bright grey in neutron radiographs (i.e. they are strongly attenuated), whereas they are dark grey in X-ray radiographs (weakly attenuated). Empty cavities, drill holes and fissures remain dark in both methods, as both neutrons and X-rays are well transmitted and not absorbed.
The fact that neutrons are strongly attenuated by some lighter elements such as hydrogen makes them particularly interesting for imaging purposes in which organic matter is involved, such as in materials science (Lehmann and Wagner, 2010; Kardjilov et al., 2011) , archaeology and cultural heritage studies (Lehmann et al., 2005; Mannes et al., 2015) , including historic jewellery (Rehren et al., 2013; Saprykina et al., 2017) , gemstones and pearls (Okamoto et al., 1983; Vontobel and Lehmann, 2010; Hanser, 2015; Mannes et al., 2017; Vitucci et al., 2018) .
Pearls commonly contain macroscopic organic matter and void/cavity/fissure features within their calcium-carbonate matrix. As calcium, carbon and oxygen do not interact strongly with neutrons, high contrast between the hydrogen-containing organic matter and the calcium-carbonate polymorphs in pearls can be achieved with neutron imaging methods, as shown in this article.
MATERIALS AND METHODS
For this article we selected two natural and four cultured pearls (see Table I ) from the 32 previously investigated samples in order to represent the full range of types (freshwater and saltwater, natural as well as beaded and non-beaded cultured) and display the most telling internal features. All of them had been identified and fully characterized using X-ray radiography and tomography, X-ray phase contrast and darkfield imaging, and energy-dispersive X-ray fluorescence spectroscopy for assessing freshwater vs. saltwater origin. These pearls (0.7-9.3 ct) were submitted to SSEF for identification and differentiation into natural or cultured origin. Neutron imaging can complement the use of X-rays for difficult cases of identification that might be encountered in a group of pearls such as this. Photo by Luc Phan, © SSEF.
Neutron imaging was performed using the ICON beamline (Kaestner et al., 2011) of the Paul Scherrer Institute (PSI) in Villigen, Switzerland (Figure 2 ), using a cold neutron spectrum. Since neutrons (i.e. the uncharged particles of an atom's core) can be generated only by nuclear reactions, obtaining access to neutrons is limited to large-scale facilities. The two nuclear reactions that are commonly applied for this purpose are fission and spallation (see Glossary). At PSI, the neutrons were generated with a SINQ continuous spallation source (Blau et al., 2009) , and were then passed into a moderator tank filled with heavy water at ambient conditions (to produce a thermal neutron spectrum) and a cold moderator filled with liquid deuterium at 25 K (for a cold neutron spectrum).
For neutron radiography, the pearls were placed on a sample holder using double-sided tape and affixed to an aluminium bar. To keep them in position, some of the pearls were wrapped in aluminium foil, as aluminium is practically transparent to neutrons. For neutron tomography, the samples were wrapped in aluminium foil and placed inside a thin-walled aluminium cylinder, which was placed close to the detector. The acquisition time was 90 s for each radiograph, recorded with a proton current of 1.42 mA by a scintillator-CCD camera system with a field of view of 27× 27 mm (2048×2048 pixels) and a corresponding pixel size of 13.5 µm/pixel (Lehmann et al., 2007) . The scintillator was a gadolinium oxysulfide screen with a coating thickness of 20 µm. For neutron Table I : Natural and cultured pearls analysed for this study.
tomography the same setup was used, with each tomograph consisting of 626 radiographs over 360°, summing up to an overall acquisition time of approximately 22 hours. None of the analysed pearls showed any change in colour after exposure to the neutrons. However, they did become temporarily radioactive due to the long time necessary for neutron tomography, and had to remain at the facility until reaching a threshold level below 0.1 µSv/h (as tested by a radiation protection officer using an officially calibrated dosimeter), a process which took several hours to a few days for the various pearls.
Neutron phase contrast and darkfield imaging were performed with the samples fixed on doublesided tape and using a lower acquisition time of 45 s for each image. No residual radioactivity was detected in the samples after this type of imaging. A detailed description of the setup and neutron interferometer gratings is given by Grünzweig et al. (2008) and Mannes et al. (2017) .
RESULTS AND DISCUSSION
X-ray and neutron imaging were done independently on two completely different instrumental setups, and although we attempted to fix the samples in a consistent orientation, we were unable to obtain images with a perfectly matching sample position. All radiographs were edited (contrast sharpening and homogenizing of the black background around the samples) using built-in filters in Adobe Photoshop software. A comparison of X-ray radiography and neutron radiography images immediately reveals the complementary nature of these two methods. Figure 3 shows natural pearl sample NP-2e (Pinctada radiata), which is characterized by an organic-rich core of radially arranged calcite prisms and multiple radial fissures overgrown by a nacre layer about 3 mm thick with weak onion-like structures. In the X-ray radiograph ( Figure 3b ) the nacre is distinctly brighter (higher X-ray attenuation) compared to the organic-enriched core (lower X-ray attenuation). Fissures appear dark, as they are voids with no attenuation effect on X-rays. (Note: Readers wishing to see X-ray phase contrast and darkfield images of this pearl are directed to Figure 6 in Krzemnicki et al., 2017.) Neutron radiography of this pearl (Figure 3c ) shows the inverse to X-radiography, with a brighter core owing to the enrichment of organic matter (i.e. strong neutron attenuation by hydrogen) compared to the dark grey nacre (distinctly lower neutron attenuation by calcium carbonate). Similar to the X-ray radiograph, the void fissures (mainly visible in the core) are dark, indicating no neutron attenuation; it can therefore be postulated that they contain no organic matter. However, compared to the image 
Examples of Natural Pearls
Glossary
Nuclear fission: Highly energetic radioactive decay process by which an atomic core (nucleus) is split into smaller/lighter nuclei (e.g. in a chain reaction), often accompanied by the production of free neutrons and gamma radiation.
Nuclear spallation: Using a particle accelerator, a heavy nucleus (atom) emits a large number of neutrons each time it is hit by a high-energy particle. These highly energetic neutrons have to be slowed down to be usable for analysis purposes by a process known as moderation.
obtained with state-of-the-art digital X-ray radiography, the neutron radiograph appears less sharp using the current analytical setup. Better contrast and resolution are shown by image slices of the same sample obtained by X-ray and neutron tomography (Figure 4 ). These images reveal that this saltwater natural pearl in fact contains an irregularly shaped core consisting of two phases: (1) an inner core portion dominated by calcium carbonate that appears bright grey in the X-ray tomograph and dark grey in the neutron tomograph (and also contains tiny radial calcite columns, of the type pictured in Figure 3b of Gutmannsbauer and Hänni [1994] , together with fine onion-like structures), and (2) an outer core layer of calcium carbonate that is heavily enriched in organic matter and appears dark grey in the X-ray tomograph and bright grey in the neutron tomograph (along with pronounced desiccation fissures). The reason for such a distinct enrichment of organic matter in the outer core is not known, but might be the result of a haemorrhage event within the pearl sac during formation of this natural pearl. These tomographic slices allow a much more detailed interpretation of internal structures because they are not blurred by condensing a three-dimensional pearl on to a two-dimensional image, as with radiography. Figure 5 shows a comparison of image slices obtained by X-ray and neutron tomography of non-nacreous natural pearl sample NP-2i, reportedly from Strombus gigas (Sue Hendrickson, pers. comm., 2015) . This pearl is characterized by a large irregular-shaped internal cavity that is partially filled with numerous small spherules. X-ray tomography ( Figure 5b ) shows a rather strong attenuation of these spherules, resembling the bright appearance of the non-nacreous calcium carbonate surface layer (densely interwoven fibrous aragonite), thus indicating a rather calcareous nature of these spherules. However, the neutron tomograph ( Figure  5c ) clearly illustrates that these spherules also highly attenuate neutrons and are thus presumably rich in hydrogen. This indicates a distinctly different nature than the calcium carbonate (aragonite) of the pearl's surface. Similar tiny spherules have been documented previously (see Figure 4 in Krzemnicki et al., 2010) , and research into their nature is ongoing. Figure 6 shows non-beaded freshwater cultured pearl CP-1b (Hyriopsis cumingii), imaged using X-ray and neutron radiography. Both images are dominated by a rather uniform attenuation as a result of the dense nacre of this cultured pearl. The irregular 'moustache' structure in the centre is clearly visible in the X-ray radiograph but also to some extent in the neutron image. (The slightly different shape of this structure in these two radiographs is due to variations in the sample's orientation.) Such tiny structures are highly characteristic of mantle-grown non-beaded cultured pearls (Scarratt et al., 2000; Strack, 2006) . The fact that this structure is dark grey (i.e. has very low attenuation) in both types of radiographs indicates that it actually represents a tiny folded void and-at least in this case-is not filled with organic matter. The X-ray radiograph (Figure 6b ) also shows a few very fine dark ring structures, which appear light grey in the neutron radiograph (Figure 6c ), thus implying that they represent onion-like growth features enriched in organic matter. However, the fuzzy appearance of the neutron radiograph obtained with the current analytical setup demonstrates that it is not the first choice for visualizing such fine internal features crucial for pearl identification. Much more detailed X-ray phase contrast and darkfield images of this same cultured pearl are presented in Figure  9 of Krzemnicki et al. (2017) . Figure 7 shows the complex external and internal structures of non-beaded saltwater cultured pearl CP-2m (Pinctada margaritifera; see also Figure 10 in Krzemnicki et al., 2017) . The neutron radiograph (Figure 7b ) highlights local concentrations of organic matter (containing hydrogen) as bright areas. The baroque shape, however, creates spurious overlay effects when condensed into a two-dimensional X-ray radiograph (which is therefore not shown here for comparison). As evident in the reconstructed image slices obtained by X-ray and neutron tomography (Figures 7c and 7d) , the internal structures are much more discernible and displayed in great detail by both methods. The main feature is a large folded cavity structure (dark grey to black in the X-ray tomograph), accentuated by desiccation fissures. The neutron tomograph provides additional information that is different from what can be inferred from the X-ray tomography only. What seems to be an open void on the left side of the large folded cavity structure in the X-ray image proves to be filled with organic matter (bright grey in the neutron tomograph). The remaining part of the folded cavity is only coated by a thin layer of organic material resulting in a fine but pronounced light grey depiction of the cavity's outline. The smaller additional cultured pearl attached at the top, also known by the Japanese term tokki, is a common feature for gonad-grown cultured pearls (Krzemnicki et al., 2011; Gauthier et al., 2015) . Interestingly, this tokki shows a small dark ring (with a tiny brighter spot in its centre) in both tomographic images. Based on X-ray tomography, this feature could be misinterpreted as having a local enrichment of organic matter in a small growth ring. The low neutron attenuation by this feature, however, indicates that the growth ring might be due to another reason, such as a distinctly lower nacre density. Beaded cultured pearls are readily identified with both X-ray and neutron radiography. Figure 8 shows Akoya-type beaded cultured pearl CP-2a (Pinctada fucata) with distinct banding in the shell bead (a freshwater origin for this bead was confirmed by X-ray luminescence imaging; see Hänni et al., 2005) . Inversely to X-ray radiography, the darker bands in the neutron radiograph are not inferred to represent layers showing variations in organic matter but rather zones of denser freshwater shell material, whereas the brighter bands might contain slightly higher amounts of organic matter. (An X-ray radiograph of this sample is not included here for comparison because it was taken in a slightly different position and therefore did not show the internal layering of the bead.) The bright thin layer between bead and nacre overgrowth represents a thin film of organic matter deposited on the bead in the newly formed pearl sac before the nacre overgrowth formed during pearl cultivation. The bead appears slightly brighter than the surrounding nacre because, as with all spherical objects, there is a gradual increase of attenuation with increasing transmission path through the sample. In addition, the thin layer of organic matter (seen here as the light grey circle between the bead and nacre overgrowth) also might contribute to the brighter overall appearance of the bead in this neutron radiograph.
Examples of Cultured Pearls
A final example (Figure 9 ) is provided by beaded saltwater cultured pearl CP-2g (Pinctada margaritifera) with a relatively large additional cultured pearl (tokki) and distinct circling structures in two directions on its surface (cf. Gauthier et al., 2015) . The bead is easily recognized in the neutron radiograph ( Figure 9b ) by a bright grey outline resulting from a distinct organic layer that surrounds it. For this sample (and all other samples studied by Hanser, 2015) , we present additional neutron phase contrast and neutron darkfield images (Figures 9c  and 9d , respectively). Using the current setup and analytical parameters, these images are, however, characterized by rather low resolution and noticeable artefacts, which limits their usefulness. The neutron phase contrast image reveals a noisy signal related to the bead, whereas in the neutron darkfield image the organic-rich coating on the bead and a few organicrich spots in the tokki produce strong neutron smallangle scattering (i.e. a distinct bright reaction).
CONCLUSIONS
Most structures inside pearls can be visualized readily by X-ray imaging methods. However, neutron radiography and tomography can yield additional information that cannot be obtained by X-rays. Neutron imaging methods are especially useful to better understand material inhomogeneities and void structures, as well as filling substances (solid or liquid) in large hollow pearls (cf. Otter et al., 2014) . Since access to neutron imaging techniques is, however, limited to large-scale facilities, their routine application to gemmological testing is impossible at this time. Still, in difficult cases of identifying the nature of a pearl, further analysis with neutrons can be helpful. It is important to note that activation of the samples as a result of neutron tomographic imaging will likely require that they be quarantined for up to several days after testing. 
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